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Introduction
Myostatin, a member of the TGF superfamily of ligands, has been shown to be a negative regulator of skeletal muscle mass during embryogenesis and early postnatal muscle growth (Kambadur et al., 1997; McPherron et al., 1997) . In mice, inactivation of myostatin leads to robust muscle growth resulting from a combination of muscle cell hyperplasia and hypertrophy. Subsequently, naturally inactivating mutations in the myostatin gene have been demonstrated to cause increased muscling in cattle, sheep, dogs and humans suggesting that the function of myostatin is conserved -across species (Clop et al., 2006; Grobet et al., 1997; Kambadur et al., 1997; McPherron et al., 1997; Mosher et al., 2007; Schuelke et al., 2004) .
More recently, data have demonstrated that myostatin negatively regulates muscle mass not only during early embryogenesis but later during adult muscle growth (Grobet et al., 2003; Whittemore et al., 2003) . In line with these findings, is the discovery that myostatin can inhibit the activation and self renewal of satellite cells (McCroskery et al., 2003) which are adult stem cells resident in skeletal muscle, responsible for postnatal muscle cell growth and new muscle protein production (Moss and Leblond, 1971 ).
Several studies indicate that myostatin is an important mediator of muscle atrophy. For example, administration of myostatin in vivo to adult mice induces profound muscle loss analogous to that seen in human cachexia syndromes (Zimmers et al., 2002) . A decrease in muscle mass has been reported in transgenic mice overexpressing myostatin in skeletal muscle (Reisz-Porszasz et al., 2003) . Similarly, ectopic expression of myostatin through gene electrotransfer of a myostatin expression vector induces atrophy of skeletal adult muscle associated with decreased muscle gene expression (Durieux et al., 2007) . Myostatin expression also appears to be sensitive to atrophic and/or hypertrophic signalling. For example, the anabolic agent growth hormone (GH) decreased myostatin expression in muscles of GH-A c c e p t e d M a n u s c r i p t 4 deficient adults (Liu et al., 2003) and androgens negatively regulate myostatin expression in an androgen-dependent skeletal muscle (Mendler et al., 2007) . In contrast, increased myostatin expression has been observed in several atrophic states, including prolonged bed rest in young men (Zachwieja et al., 1999) , chronic disuse atrophy in older patients (Reardon et al., 2001) and age-related muscle wasting (sarcopenia) (Yarasheski et al., 2002) . Despite this progress in our understanding of the role of myostatin in muscle atrophy, it is not currently known how myostatin is connected with atrophic signalling pathways.
Evidence has strongly suggested that hypoxia can also induce muscle atrophy. Hypoxia can be caused by a generalized reduction in oxygen delivery, such as altitude and pulmonary diseases, or by disruption in the local blood supply, such as an ischemic disorder. It is known that chronic exposure to high-altitude hypoxia (Hoppeler et al., 1990; Howald and Hoppeler, 2003; MacDougall et al., 1991) can cause a reduction of muscle fibre size and loss of skeletal muscle mass in mountaineers. Similar findings have been reported in healthy people who live at high altitude for generations and in rats chronically exposed to a simulated hypobaric altitude (Sillau and Banchero, 1977) . In addition, the decrease in muscle mass at high altitude is associated with an anorexic effect. However, even when the anorexic effect is controlled using pair feed experimental design the decrease in muscle mass is observed indicating that part of hypoxia-induced skeletal muscle atrophy is independent of undernutrition associated with hypoxia (Bigard et al., 1996; Favier et al., 2010; Pison et al., 1998) . Chronic obstructive pulmonary disease (COPD) is characterized by airflow limitation. During the past ten years, COPD has emerged as a multi-organ-system disease (Wouters, 2004) . Besides primary effects in the lung, COPD as a chronic disease has secondary effects on other systems including skeletal muscle. Specifically, COPD is characterized by skeletal muscle dysfunction and atrophy (Agusti et al., 2003; Wouters, 2005) . Chronic hypoxaemia, a common physiopathological consequence of COPD, has been proposed as a potential contributor, M a n u s c r i p t 5 among others, of peripheral muscle dysfunction in this disease (Couillard and Prefaut, 2005; Gosker et al., 2002) . However, the exact mechanisms underlying skeletal muscle dysfunction in COPD remain unclear. Understanding the mechanisms underlying the muscle response to hypoxia may provide insights into how muscle mass is regulated both in physiological and pathological situations.
Taking into consideration the importance of hypoxia and myostatin in skeletal muscle atrophy, we hypothesized that the muscle hypoxia effects might involve an up-regulation of myostatin gene expression. The aims of this study were first to characterize myostatin levels in skeletal muscles of rats exposed to hypobaric hypoxia and in skeletal muscles of hypoxemic COPD patients. We then investigated whether myostatin is required for the action of cobalt chloride (a hypoxic mimetic agent) in skeletal muscle cells.
Materials and Methods

Animals
Ten-week-old Wistar male rats (Harlan laboratories, France; n=30) were randomly assigned into 3 groups. Hypoxic animals (H rats, n=10) lived continuously for 5 weeks in hypobaric hypoxia (barometric pressure  475 mm Hg ; PIO 2 ≈90 mm Hg, altitude ≈ 4500m).
The two other groups of rats were maintained in normoxia (barometric pressure  760 mm Hg; PIO 2 ≈159 mm Hg, altitude ≈ 80m, N rats). The corresponding environments were created in steel chambers with a vacuum pump as previously described (Goret et al., 2005) . Hypoxic rats (H) and normoxic rats (N) were fed ad libitum. Because of hypoxic impact on food intake and consequently on animal growth, a pair feed model was applied to normoxic rats (Npf) as previously described (Bigard et al., 1996) . Thus, the pair fed animals (Npf) were restricted to have the same food intake than the H rats.
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Study population
COPD patients and Healthy control subjects
The study population consisted of 10 patients with clinically diagnosed very severe COPD as defined by the American Thoracic Society (ATS) and European Respiratory Society (ERS) (Nici et al., 2006) and by the "Global Initiative for Chronic Obstructive Lung Disease (GOLD) and a group of healthy sedentary age-matched controls. All patients suffered from chronic airflow limitation, defined as a measured Forced expiratory volume in 1 second (FEV1)/Forced vital capacity (FVC) < 60% of predicted values. They were under long term oxygen therapy for at least the last 6 months before the study. This group of patients showed low hypoxemia at rest with a mean value of PaO 2 = 64 ± 2 mm Hg. At the time of the study, patients were in stable clinical state, i.e. no clinical exacerbation during the last 4 weeks. All had sedentary way of life as confirmed by the Voorrips et al. questionnaire score <9 (Voorrips et al., 1991) and had not been enrolled in a pulmonary rehabilitation in the last year. Five healthy sedentary control subjects, volunteered to participate in the study, were non smokers and had no history or physical examination of lung or heart disease. They also had a low level of physical activity (Voorrips score <9). Exclusion criteria were no other potentially confounding factors such as neuromuscular disease, chronic heart failure, renal diseases, and liver diseases. No patient was on anticoagulant medication. Informed written consent was obtained from all patients, and the research protocol was approved by the institutional ethics committee of Montpellier Hospital and conducted in accordance with the Helsinki declaration and the European guidelines for "good clinical practice".
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Muscle exercise tests
6 minutes walk test (6-MWT): A 6-MWT was conducted according to a standardized protocol (2002) .
Localized muscle function tests:
The maximal voluntary contraction (MVC) and endurance of the quadriceps were assessed on an exercise bench according to the technique previously described by our group (Delample et al., 2008) .
Muscle biopsy of the vastus lateralis
Muscle biopsy procedures: A percutaneous muscle biopsy of the vastus lateralis muscle of the dominant leg was performed in each subject, at mid-thigh (15 cm above the patella) as described (Bergstrom, 1975) and often used by our group (Hayot et al., 2005) . The specimens were immediately frozen in isopentane cooled to freezing point with liquid nitrogen and stored at -80°C until analysis.
Assessment of body composition
Fat mass and fat-free mass (FFM) were determined by bioelectrical impedance analysis using a body composition analyser (model TBF-300; TANITA France, Neuilly-surSeine, France). Body mass index (Weight/Height²) and fat-free mass index (FFMI = FFM/Height²) were then calculated.
Cell culture products
Dulbecco's modified Eagle's medium (DMEM), nutrient mixture F-12 (Ham), nutrient mixture F-10 (Ham), horse serum were purchased from Sigma, fetal calf serum (FCS) from M a n u s c r i p t 8 Hyclone. CoCl 2 (Aldrich) was diluted in DMEM. Recombinant myostatin was purchased from R&D Systems.
Primary human muscle cell culture
Quadriceps muscle biopsie of a human adult (male, age 38 years) was obtained from the "AFM-BTR Banque de tissus pour la recherche" (Hôpital de la Pitié-Salpêtrière, Paris, France). Human myoblasts were initially prepared, purified and cultured as previously described (Jean et al., 2009 ). Cells were plated at a density of 3×10 4 cells/cm 2 on Collagencoated Petri dishes (BD Biosciences), in growth medium DMEM supplemented with 20% serum and 2% ultroser (Gibco BRL). They were maintained at 37°C in a water-saturated atmosphere containing 5% CO2 in air. When human myoblasts reach confluency, differentiation was induced by serum depletion (2% FCS). Cells were kept in differentiation medium for 4 days.
Primary mouse muscle cell culture
Myostatin-/-mice, harboring a constitutive deletion of the third myostatin exon, have been described previously (Grobet et al., 2003) and were generously provided by L. Grobet (Faculty of Veterinary Medicine, University of Liège, Belgium). Animals were maintained on a 12h:12h light/dark cycle and were allowed free access to food. Mice were genotyped by polymerase chain reaction analysis of tail DNA. In vitro studies were performed using male mice between 4 and 6 weeks of age. Briefly, murine myoblasts were isolated from the whole mice muscles of the paw after enzymatic digestion by pronase (Descamps et al., 2008; Levin et al., 2001 ). Cells were plated at a density of 2x10 4 cells/cm 2 on Matrigel®-coated Petri dishes (BD Biosciences, France), in 80% Ham"s F10 supplemented with 20% horse serum (HS) (Sigma). They were maintained at 37°C in a water-saturated atmosphere containing 5% M a n u s c r i p t 9 CO 2 in air. After 2 days, cells were washed with Ham"s F10 and placed in complete medium supplemented with 5 ng/ml basic fibroblast growth factor (bFGF). After two days, to achieve differentiation, satellite cells were switched to differentiation medium consisting of Ham"s F10, 20% HS without bFGF. Cells were kept in differentiation medium for 3 days.
Western blot
Muscle tissues or cells were lysed in hypotonic buffer (20mM Tris pH 7.5, 10mM
NaCl) and protein concentrations were determined using the BioRad DC kit (Biorad). 50g of total proteins diluted in 1x Laemmli buffer (100mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 200mM DTT, bromophenol blue) were transferred to nitrocellulose membranes (Schleicher and Schull Bioscience, Dassel, Germany). Western blots were performed as previously described (Froeschle et al., 1998) . The following primary antibodies were used: monoclonal anti-MHC fast (Sigma) diluted 1/1000, which recognizes all three adult fast MHC isoforms; 
RNA analysis
Total RNA was prepared using the guanidium thiocyanate procedure and analyzed by Northern blot as previously described (Chomczynski and Sacchi, 1987) . For Northern blot analysis, total RNA (40µg) were run on a 2M formaldehyde-containing 1% agarose gel, transferred and bound to nylon membranes (Hybond, Amersham) as described by supplier.
Filters were hybridized using atrogin-1/MAFbx cDNA (from S. Leibovitch, INRA Montpellier) and GAPDH cDNA (Fort et al., 1987) probes which were labeled by random priming. Radioactivity on the nylon membranes was determined on a PhosphoImager analyser (Molecular Dynamics). Expression of atrogin-1/MAFbx was normalized to GAPDH mRNA signal.
For semi-quantitative RT-PCR, 1µg of total RNA was reverse transcribed into cDNA with
Reverse transcription System (Promega) following the manufacturer"s instructions. One-tenth of the cDNA was used in each polymerase chain reaction using Promega GoTaq polymerase.
Ethidium bromide intensity of agarose electrophoretic bands was quantified with ImageJ software in the linear amplification range determined from 20 to 35 PCR cycle amplifications. Primers for the rat myostatin (Mendler et al., 2000) and rat GAPDH (Zador et al., 1996) genes were used for amplification as described previously.
Immunofluorescence and myotube analysis
Human myotubes or murine myotubes were fixed in PBS containing 4%
paraformaldehyde (Electron Microscopy Sciences) and treated with PBS 0.5% triton X-100.
Expression of myosin heavy chain was analysed using mouse monoclonal antibody against
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A c c e p t e d M a n u s c r i p t 11 monoclonal anti-fast myosin heavy chain (MHC) diluted 1/100 (Sigma). Primary antibody diluted in PBS/BSA was incubated for 1 h at 37°C, then washed in PBS, followed by a 30-min incubation with fluorescein-conjugated anti-mouse (1/5000; Amersham). DNA was stained with Hoechst (0.1 g/ml; Sigma). The diameter of at least 300 myotubes was measured using
PerfectImage software. The average diameter per myotube was calculated as the mean of 5 measurements taken along the length of the myotube.
Antibodies and recombinant myostatin treatments
To analyse the effects of antimyostatin antibodies, human myoblasts were seeded at a density of 3x10 4 cells/cm 2 in 35 mm plates in growth medium consisting of DMEM supplemented with 20% serum and 2% ultroser (Gibco BRL). Three days later, culture medium was changed to DMEM-2% FCS supplemented daily with rabbit antimyostatin antibodies (directed against the COOH-terminal region of human myostatin; diluted 1/50) or with a preimmune serum as control. CoCl 2 treatment was performed three days after the shift of medium for additional 24h, then the cultures were harvested for immunofluorescence analysis.
Prior addition to cell medium, antibodies were dialysed against DMEM.
To analyse the effects of recombinant myostatin, murine myoblasts plated at a density of 2×10 4 cells/cm 2 on Matrigel-coated Petri dishes (BD Biosciences), were grown successively in growth medium Ham"s F10 supplemented with 20% horse serum (HS) during 48h, then for additional 48h in growth medium supplemented with 5 ng/ml basic fibroblast growth factor.
Then to achieve differentiation, myoblasts were switched to differentiation medium consisting of Ham"s F10, 20% HS without bFGF. Two days after the shift of medium, myotubes were treated for 24h with either or both of CoCl 2 (200µM) or recombinant myostatin (1µg/ml), and then harvested for immunofluorescence analysis.
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Transient transfections and luciferase activity
Primary murine myoblasts were plated at a density of 1x10 4 cells/cm 2 and of respectively (in 24 multiwell plates) in growth medium. After 3 days myoblasts were transfected using a dreamfect gold reagent as described by the supplier (OZBiosciences) with 1 µg of total DNA composed of 100 ng of the luciferase reporter construct (pGL3-(CAGA)12-MLP-Luc) and 100 ng of RL-tk-luc (Promega, Charbonnieres, France). The total amount of DNA used for each plate was normalized with the empty expression vector pcDNA3. To evaluate luciferase activity, 24h after transfection cells were refed with differentiation medium supplemented or not with recombinant myostatin (1µg/ml). 48h after transfection, transfected cells were harvested for luciferase assay. RL-tk-luc plasmid was included in transfections as internal control for transfection efficiency. Activities of firefly and renilla luciferases were measured sequentially using the luciferase assay kit reagent as described by the supplier (Promega, Charbonnières, France). Luciferase activity (reporter activity) was measured and corrected with respect to pRL-tk activity and protein content of the extracts.
Statistical analysis
The results are expressed as mean ± SEM. Experimental conditions were compared to control conditions by Student"s tests after checking the standard assumptions of parametric tests. When the standard assumptions were violated, a Mann-Whitney test was performed.
When experimental designs included one factor and more than two experimental conditions, one-way ANOVA was conducted after testing standard assumptions. When a main effect was identified, Dunnet post -hoc test was used to localise the differences. A two-way ANOVA was conducted to analyse the data presented in figure 6 . The experimental design included two factors: CoCl 2 treatment (four doses) and myostatin expression (+/+ and -/-myostatin M a n u s c r i p t 13 muscles). Significant interaction between these two factors were checked (Prism 3.0, GraphPad, San Diego, CA). Statistical significance was set at P-values < 0.05 (*)
Results
Myostatin gene expression is induced in muscles of rats chronically exposed to hypoxia
To explore the potential relationship between hypoxia and myostatin, we used a model of long-term exposure of rats (5 weeks) to chronic hypoxia (mimicking an altitude of 4 500 m) associated with pair fed experimental design. As shown in Table 1 , after 5 weeks the final body weight was significantly reduced in chronic hypoxic rats (H) and in normoxic pairfed rats (Npf) in comparison with corresponding normoxic control animals (N). Similarly, Gastrocnemius (GAS) muscle weights were lower for H and Npf groups compared to N group (Table 1) . Soleus (SOL) mass was significantly decreased in H animals versus N animals while it was only modestly and non-significantly lower in the Npf group than in the N group.
Moreover we observed a significant decreased of total protein content in the GAS between H and N group but not in the SOL. Comparison between H group vs Npf group showed a significant effect of hypoxia on the decrease of relative GAS muscle weight and of absolute SOL muscle weight. It should be noted that except for the values of the total protein content in SOL, all the values tended to be lower in H rats than in Npf rats. Since in multiple models of skeletal muscle atrophy, the muscle-specific F-box protein Atrogin-1/MAFbx is upregulated (Gomes et al., 2001 ), we then compared by Northern blot analysis atrogin-1/MAFbx mRNA expression in hypoxic (H) versus pair-fed normoxic (Npf) and normoxic control muscles (N). Muscles showed an increase in atrogin-1/MAFbx mRNA expression in H vs N (P<0.001) and vs Npf (P<0.05) ( Fig. 1A and B) . Note that normoxic pair-fed animals exhibited an increased atrogin-1/MAFbx expression both in the SOL (Npf vs N, P<0.01) and the GAS muscle (Npf vs N, P<0.05). Such observation indicates that part of hypoxia-induced M a n u s c r i p t 14 MAFbx expression is due to caloric restriction associated with hypoxia. Collectively, our results suggest that hypoxic rats show a tendency to lose more muscle mass than normoxic pair fed rats.
In this model, we then examined the expression at the protein level of the myostatin gene in Soleus (SOL) and Gastrocnemius (GAS) muscles. We performed western blotting analysis using polyclonal antimyostatin antibody. In accordance with previous data (Mendler et al., 2007) , we detected a single protein band (at about 28 kDa) in total protein extracts of rat muscles corresponding to active myostatin. We found that SOL and GAS muscles chronically exposed to hypoxia displayed increased levels of myostatin protein as compared with normoxic pair fed SOL and GAS muscles (approximately a 1.7-fold increase in SOL and a 1.3
-fold increase in GAS) ( Fig. 2A and B) . Myostatin mRNA levels relative to GAPDH significantly increased upon hypoxia (Fig. 2C) . Levels of GAPDH mRNA were not significantly affected by hypoxia. Thus these results indicate that in hypoxic muscles the changes in the pool of myostatin protein appear to parallel the fluctuations in myostatin mRNA level (Fig. 2C) . Note that there is no variation of myostatin expression between normoxic and normoxic pair fed animals.
Myostatin levels are increased in COPD patients
To extend these findings, we investigated the effect of chronic hypoxaemia on myostatin in COPD patients. We hypothesized that an increase in myostatin might occur in patients with COPD. To test this hypothesis, we explored myostatin protein level in muscle biopsies obtained from COPD patients showing hypoxaemia. These patients were compared with sedentary control subjects of a similar age (in a attempt to diminish the influence of aging and physical activity). The main characteristics of the studied subjects are given ( Table   2 ). As listed, no significant differences in weight, BMI were found between patients with M a n u s c r i p t and endurance, and exercise tolerance, as assessed by 6-MWD, were significantly lower in patients compared with controls. Therefore these results attest muscle dysfunction in our patient group without signs of muscle atrophy. A representative western blot for myostatin is provided in Fig. 3A showing that myostatin protein level is increased in the vastus lateralis quadriceps of patients with COPD compared with control subjects. The mean myostatin protein level is 2.5-fold higher in the COPD group than in the control group (P<0.05) (Fig.   3B ). These results indicate that levels of myostatin are elevated in skeletal muscle of patients with COPD. Together our results suggest a potential regulation of myostatin by hypoxia.
Several experiments have shown that myostatin circulates in serum as part of a latent complex. Myostatin is detected by western blot in serum samples from mice and human (Gonzalez-Cadavid et al., 1998; Heineke et al., 2010; Schuelke et al., 2004; Zimmers et al., 2002) . This prompted us to measure myostatin levels in some of our patient"s serum samples.
A representative Western blot for myostatin is provided and revealed a band at approximately 15 kD, consistent with the secreted form of myostatin (Hill et al., 2002; Zimmers et al., 2002) . We found that myostatin protein levels tended to be increased in the serum of COPD group compared with that of the group of healthy controls ( Fig. 3C and D) .
CoCl 2 treatment induces myostatin expression and causes atrophy of myotubes
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To investigate the effects of hypoxia in vitro on myostatin expression we treated human myotubes with the cobalt chloride (CoCl 2 ) which mimics hypoxia by inducing HIF-1
function (Bruick and McKnight, 2001; Wang et al., 1995) . Briefly, in differentiating medium (2% FCS) confluent human myoblasts exit the cell cycle and spontaneously differentiate into multinucleated cells (myotubes) that express muscle-specific structural proteins. Human myoblasts were differentiated in low serum medium for 3 days, then myotubes were treated with CoCl 2 (200µM) for an additional 24h and examined for myotube size by immunofluorescence analysis using anti-myosin heavy chain antibody (Fig. 4A) . Four days after differentiation, the control myotubes were of constant size and myoblast fusion no longer occurred (Rommel et al., 2001 ). Myotubes exposed to CoCl 2 for 24h display a significant decreased size with a 24 % reduction (P<0.01) in mean myotube diameter compared with non treated myotubes (Fig. 4B) . We next wanted to investigate whether expression of myostatin was altered by CoCl 2 treatment in human cells. Western blot analysis revealed that addition of CoCl 2 elicited an increase in myostatin protein level in human myotubes (about 2-fold) (Fig. 4C ). As expected, Western blot analysis revealed that addition of CoCl 2 elicited an increase in HIF1- protein after 24h of treatment, attesting that CoCl 2 mimics hypoxia in these cells (Fig. 4C) . Furthermore, in the same conditions, levels of -the muscle structural protein MHC were decreased in human myotubes treated with CoCl 2 . These experiments clearly demonstrate that CoCl 2 induces atrophy of myotubes. They also indicate an association between the level of myostatin expression and the CoCl 2 -induced atrophy.
Myostatin is necessary to mediate the effects of CoCl 2
To confirm the role of myostatin in CoCl 2 -induced muscle atrophy, we employed a battery of approaches. First, we investigated whether targeted inhibition of myostatin, through addition of blocking antimyostatin antibodies, could inhibit CoCl 2 mediated atrophy of human M a n u s c r i p t 17 myotubes. We have previously validated such strategy in human tumoral muscle cells (Ricaud et al., 2005) . Human muscle cells were induced to differentiate in low serum medium daily supplemented with antimyostatin antibodies (Ab) or a preimmune serum as control (Ctl) for 3 days, then they were treated for an additional 24h with either or both of CoCl 2 (200µM) or Ab (20 µg/ml), and examined for myotube size by immunofluorescence analysis using antimyosin heavy chain antibody (Fig. 5A) . We observed that culture in presence of antimyostatin antibodies significantly induced the formation of larger myotubes as compared with culture cell incubated with preimmune serum (Fig. 5B ). As expected, CoCl 2 treatment induced myotube atrophy in preimmune treated cells. In contrast, myotubes treated with antimyostatin antibodies were refractory to atrophic CoCl 2 effect.
Second, we asked whether myostatin deletion was sufficient to impair the atrophic response of myotubes to CoCl 2 . To this end we established primary cultures of myoblasts from wild-type and myostatin -/-mice muscles. We differentiated myoblasts to multinucleated myotubes by mitogen removal. Two days after differentiation, differentiated myotubes are predominant and are treated with increasing concentrations of CoCl 2 for one day and examined for changes in myotube diameter. It is of note that the mean diameter of myostatin -/-myotubes was significantly 12% higher than that of the wild-type ( Fig. 6A and   B ). The decrease in wild-type myotube diameter by CoCl 2 was detectable at a concentration of 25µM with a 20% decrease and reaching a maximum (30% decrease) at 50µM (Fig. 6B) .
Conversely, the effect of CoCl 2 was significantly blunted in myostatin -/-cells, the maximal effect (10%) being detectable at 50µM. Thus myotubes lacking myostatin have an impaired atrophic response to CoCl 2 . We next examined the effect of recombinant myostatin on the CoCl 2 mediated atrophy in this system model. We first tested the activity of recombinant myostatin following transient transfection into murine cells with the use of the pGL3-(CAGA)12 luciferase reporter assay which reflects myostatin activity (Thies et al., 2001;  A c c e p t e d M a n u s c r i p t 18 Zimmers et al., 2002) . We found that CAGA reporter was activated by myostatin (Fig. 7A ).
Next we asked whether addition of recombinant myostatin was sufficient to restore the atrophic response of myostatin deficient myotubes to CoCl 2 . Two days after differentiation, wild type and myostatin -/-cells were treated for 24h with either or both of CoCl 2 (200µM) or recombinant myostatin (1µg/ml). We then examined myotube size by immunofluorescence analysis using anti-myosin heavy chain antibody ( Fig. 7B and 7C ). In wild-type cells, myostatin did not modify the atrophic response of myotubes to CoCl 2 . Conversely, in myostatin -/-cells, myostatin was sufficient to restore the atrophic response to CoCl 2 . Note that at this low dose and during this short period of treatment myostatin by itself did not significantly induce myotube atrophy.
Discussion
In this study, we report upregulation of myostatin expression in muscles of rats chronically exposed to severe hypoxia as well as in muscles of patients with chronically hypoxemic COPD. Furthermore, our data show that CoCl 2 , an hypoxia-mimicking agent, increases the expression of myostatin and causes atrophy of myotubes in human and mouse cell cultures. Finally, we provided compelling evidence that the CoCl 2 atrophic effect is linked to myostatin expression. Indeed, this atrophic effect is not observed in muscle cells where myostatin is inactivated either through genetic deletion or by using blocking antimyostatin antibodies. Inversely, the presence of myostatin restores the CoCl2 induced atrophy in myostatin deficient myotubes.
In an attempt to identify proper effects of hypoxia on myostatin in muscle we took advantage of a model of rats chronically exposed to severe hypoxia with a pair fed experimental design which excludes the anorexic impact of hypoxia on skeletal muscle mass.
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19 Accordingly, our results show a trend towards a higher diminution of skeletal muscle mass in hypoxic rats than in normoxic pair fed rats. In addition, at the molecular level this effect is associated with a significant induction of the MAFbx, suggesting an activation of proteasomal degradation which could contribute to a reduction in skeletal muscle mass (Gomes et al., 2001 ). Thus these data are in agreement with previous studies suggesting a direct effect of hypoxia per se in the induction of skeletal muscle atrophy independent of energy intake status (Bigard et al., 1996; Favier et al., 2010; Pison et al., 1998) . Interestingly, comparison between H vs Npf groups showed a significant decrease in muscle weight in the SOL but not the GAS muscle (Table 1) . This muscle specific effect of hypoxia may be explained by the difference in the metabolism of slow and fast muscles. Indeed, compared to GAS muscle SOL muscle exhibits a more oxidative metabolism and is more dependent on the availability of O 2 . Thus, SOL muscle could show a greater sensitivity to hypoxia. However the mechanisms producing the differences in response remain to be elucidated.
An interesting feature of the present study was the induction of myostatin by hypoxia.
Our data clearly show that myostatin expression is induced in hypoxic muscles compared to normoxic pair-fed muscles whereas the decreased food intake failed to increase myostatin expression. However, it should be noted that myostatin expression is induced in a model of muscle atrophy induced by a more severe food deprivation (Allen et al., 2010) . This discrepancy may be related to differences in both severity of the food deprivation stress and length of exposure. Therefore, our observation indicates that hypoxia exerts its inducer effect on myostatin expression independently of nutritional status.
Skeletal muscle dysfunction is a prominent feature of COPD, and hypoxia, among other factors, is a proposed contributor to this process while the underlying molecular mechanisms remain to be identified. There is evidence that COPD patients are prone to develop muscle atrophy which is now recognized as a predictor of mortality in this disease M a n u s c r i p t 20 (Doucet et al., 2007; Marquis et al., 2002) . Several recent reports suggested that upregulation of myostatin is involved in the development of muscle atrophy associated with COPD (Plant et al., 2009; Testelmans et al., 2010) . In the present study, our results showed an increased skeletal muscle myostatin expression in hypoxemic COPD patients (PaO 2 = 64 ± 2 mm Hg) compared with that in healthy controls. Consistent with these data, we also found that myostatin protein level tend to increase in the serum of COPD group compared with that of the group of healthy controls. However, it is of note that we obtained this result with a limited number of subjects (n=3-4 /group). Thus to definitely conclude a greater number of subjects should be analysed.
It is thus tempting to suggest that the increase in myostatin is causally related to muscle atrophy in this pathological context. However, no characteristics of global muscle atrophy, such as fat-free mass index, BMI and mean fibre cross sectional area were found in our patients compared to age-matched sedentary controls, although COPD patients showed reduced quadriceps force. It remains possible that an increase in myostatin expression could precede the induction of muscle atrophy. Collectively our data tend to implicate the hypoxic regulation of myostatin in patients with COPD and suggest that myostatin induction could be related to the presence of COPD itself rather to muscle atrophy. However, it should be noted that, in addition to hypoxaemia, several factors including inflammation, oxidative stress have been implicated in muscle limb dysfunction in COPD (Couillard and Prefaut, 2005) . It is thus conceivable that inflammation and oxidative stress may also contribute alone or in concert with hypoxaemia to the higher myostatin expression levels. Further studies should be designed to address this point.
In agreement with our in vivo observations, our results showed that addition of the hypoxia mimic cobalt chloride CoCl 2 elicits a significant increase in myostatin expression and causes atrophy of human myotubes. We further demonstrated that CoCl 2 requires the presence M a n u s c r i p t 21 of myostatin to elicit its action on muscle cells since: i) the atrophic CoCl 2 effect is not observed both in human myotubes treated with antimyostatin antibodies and in murine myostatin deficient myotubes while ii) myostatin deficient myotubes treated with recombinant myostatin displayed an atrophic response to CoCl 2 . Altogether, these data strongly argue for a critical role for myostatin in mediating hypoxia effects in skeletal muscle cells. Can we link the hypoxia-induced atrophy to the up-regulation of myostatin expression? Several studies have established the catabolic effect of myostatin on skeletal muscle. In vitro, myostatin not only inhibits myoblast proliferation and differentiation but also induces atrophy of resulting myotubes (McCroskery et al., 2003; Rios et al., 2002; Taylor et al., 2001; Thomas et al., 2000) . In vivo, systemic administration of myostatin to adult mice or overexpression of myostatin in skeletal muscle also results in muscle atrophy (Durieux et al., 2007; ReiszPorszasz et al., 2003; Zimmers et al., 2002) . Inversely, myostatin gene deletion prevents glucocorticoid-induced muscle atrophy (Gilson et al., 2007) down-regulated in rat skeletal muscle in response to chronic hypoxia indicating that hypoxia negatively regulates protein synthesis in skeletal muscle (Favier et al., 2010) . Therefore, the parallel actions of myostatin and hypoxia on protein synthesis suggest that induction of myostatin by hypoxia could represent a potential mechanism for hypoxia-induced atrophy.
The present data suggest the contribution of myostatin, a member of TGF family, in the skeletal muscle response to hypoxic stimuli. Interestingly, earlier findings on other tissues A c c e p t e d M a n u s c r i p t 22 have shown that various effects of hypoxia appear to be mediated by TGF signalling. TGF expression is up-regulated in lung of hypoxia-adapted animals (Bartram and Speer, 2004) . In human peritoneal fibroblasts, hypoxia increases TGF 1 and TGF- type I and II receptors mRNA levels (Saed et al., 2002) . Chronic hypoxia-induced pulmonary hypertension and vascular remodeling are attenuated in absence of TGF signalling (Chen et al., 2006) .
Similarly, TGF signalling is required for the inhibition of adipocyte differentiation by hypoxia. These previous results, together with our findings, support the hypothesis that TGF- signalling could mediate the response to hypoxic stress in several tissues. To our knowledge, a link between myostatin and hypoxia would represent a novel facet of the hypoxic response in muscle. However, additional in vivo experiments are further needed to detail the myostatin action in the skeletal muscle response to hypoxia.
In conclusion, the data presented here demonstrate a link between hypoxia and myostatin and provide insights into how hypoxia contributes to muscle dysfunction. We believe that they could have important biologic and therapeutic implications, since they offer important clues to understand the mechanisms of hypoxia action in muscle and may open possibilities for the development of new treatments for skeletal muscle disease.
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C) Quantification of myotube diameter in presence or absence of recombinant myostatin.
Histograms are means for at least 3 assays. *, P<0.05 versus untreated wild type myotubes; ‡, M a n u s c r i p t 
